Visual attention can be attracted automatically by salient simple features, but whether and how nonsalient complex stimuli such as shapes may capture attention in humans remains unclear. Here, we present strong electrophysiological evidence that a nonsalient shape presented among similar shapes can provoke a robust and persistent capture of attention as a consequence of extensive training in visual search (VS) for that shape. Strikingly, this attentional capture that followed perceptual learning (PL) was evident even when the trained shape was task-irrelevant, was presented outside the focus of top-down spatial attention, and was undetected by the observer. Moreover, this attentional capture persisted for at least 3-5 months after training had been terminated. This involuntary capture of attention was indexed by electrophysiological recordings of the N2pc component of the event-related brain potential, which was localized to ventral extrastriate visual cortex, and was highly predictive of stimulusspecific improvement in VS ability following PL. These findings provide the first evidence that nonsalient shapes can capture visual attention automatically following PL and challenge the prominent view that detection of feature conjunctions requires top-down focal attention.
Introduction
The human visual system is routinely subjected to an over-abundance of sensory information. In order to act efficiently, we must selectively deploy our attention to only a small subset of the information in a scene. It is well known that task relevance and stimulus salience are 2 basic factors that influence the deployment of our attention (see Fecteau and Munoz 2006 for a review). Whereas visual attention can be voluntarily allocated towards an object in a goal-directed manner (e.g., when searching for your car in the parking lot), attention can also be captured involuntarily by a physically salient stimulus (e.g., a car flashes its brake lights) that differs from the surrounding items in some basic feature (e.g., intensity, color, motion, or orientation). A growing body of evidence indicates that prior experience is also an important factor influencing our attentional deployment (see Awh et al. 2012 for a review). For example, the previous search for a specific color in the recent past can result in a subsequent selection bias for that color, even when it is unrelated to the observer's current search goals (Maljkovic and Nakayama 1994; Eimer et al. 2010) . Similarly, in studies of reward-associated learning (Hickey et al. 2010; Anderson et al. 2011) , an equally salient color that was previously associated with reward was found to capture attention regardless of whether it was a target or distractor. These findings support the view that prior relevance and reward history can modulate the involuntary allocation of attention to basic visual features.
For more complex stimuli such as conjunctions of basic features or geometric shapes (which may be regarded as conjunctions of basic features; Duncan and Humphreys 1989; Humphreys et al. 2009 ), the role of prior experience in modulating attentional allocation is less well understood. Some studies have reported that complex shapes failed to capture attention after reward-associated learning (see Anderson et al. 2011 for a review), and repetition of a shape did not prime its pop-out (Maljkovic and Nakayama 1994) . In studies that used perceptual learning (PL) paradigms, however, it has been reported that detection performance in searching for a color-orientation combination (e.g., Lobley and Walsh 1998; Su et al. 2014) or a shape composed of multiple strokes (e.g., Gilbert 2000, 2005; Song et al. 2002) improved dramatically after training. Accordingly, it has been proposed that the allocation of attention to trained complex stimuli is facilitated by PL (Gilbert and Li. 2012; Su et al. 2014) . What remains unclear, however, is whether the improved detectability of trained complex stimuli following PL derives from a more effective top-down allocation of attention or from an involuntary, bottom-up capture of attention by the trained stimuli. Although a number of event-related potential (ERP) studies have shown that PL engendered by visual search (VS) training involves multiple stages of cortical processing (Song et al. 2002 (Song et al. , 2005 Ding, Song, Fan, Qu, et al. 2003; Qu et al. 2010 Qu et al. , 2014 An et al. 2012; Clark et al. 2015) , it is not clear whether the observed learning effects on ERPs were produced by bottom-up or top-down influences, since all these previous studies measured the PL effects on ERPs in an active VS condition similar to the initial training condition (i.e., the ERP test always adopted VS tasks, and the targets during ERP test were typically the targets during the training). Thus, although a theoretical framework linking PL and automatic attention has existed for decades (Shiffrin and Schneider 1977) , evidence is still lacking about whether a nonsalient feature-conjunction or shape stimulus can capture visual attention automatically and perhaps even unconsciously.
The present study combined behavioral and electrophysiological measures to investigate whether nonsalient shapes automatically capture visual attention after task-relevant PL. Subjects were given extensive training in a VS task over several days. In this PL paradigm, the trained shape was a task-relevant stimulus (i.e., a VS target) during the training phase. In contrast with previous studies (e.g., Gilbert 2000, 2005; Song et al. 2002 Song et al. , 2005 An et al. 2012; Su et al. 2014) , the effects of PL were tested in several different tasks in which the learned shape was either a target, a distractor, or a totally irrelevant item, presented either within or outside the focus of top-down spatial attention, and either consciously reported or not. Tests were performed both at short (1-2 days) and at longer (3-5 months) intervals after training to examine the persistence of the PL effects. In addition to behavioral indices of attentional capture, ERPs were recorded during the different test phases, which provided not only neural indices of PLinduced changes in attentional deployment (as reflected by the N2pc component of the ERP; Luck and Hillyard 1994; Qu et al. 2014) but also information about the underlying brain mechanisms.
Materials and Methods

Subjects
Thirty-two healthy young adults (mean age = 21.5 years, range = 18-26 years, 12 males) participated in the study as paid volunteers. All had normal or corrected to normal vision and were naïve to the aims of the study. Informed consent was obtained from all participants before the experiment.
Behavioral Training Phase
All 32 subjects participated in the training of a VS task, in which subjects were required to find a target shape within an array of distractors (Fig. 1A) . The stimulus array consisted of 12 triangles arranged on an annulus, each oriented in 1 of 4 possible directions (Up, Down, Left, or Right). A fixation cross (0.22°× 0.22°) was presented at the center of screen, and the 12 triangles were arranged in the 4 quadrants at 3°of eccentricity, avoiding the vertical and horizontal meridians. The edge length of all triangles was 0.34°, and the centers of adjacent triangles within a quadrant were separated by 0.88°. The 12 positions for the triangles were fixed throughout the training. From among the 4 types of triangles with different orientations (Up, Down, Left, or Right), one (i.e., the Trained triangle) was chosen to be the target, and the other 3 were presented as randomly intermixed distractors with overall equal probabilities during training. Consider the Trained triangle being oriented "Up," for example: In this condition, each stimulus array would consist of 4 "Left," 4 "Right," and 4 "Down" triangles for target-absent trials, and one of the distractors ("Left," "Right," or "Down" triangle, randomized across trials) would be replaced with an "Up" triangle for target-present trials (Fig. 1A) . The positions of the 12 triangles in each array were randomly intermixed; thus, the grouping of shape-similar distractors was prevented.
The stimuli of these search arrays were white (33.4 cd/m 2 ) on a uniform black background (0.3 cd/m 2 ). Each array was briefly presented for 150 ms. The fixation cross was present throughout the entire experiment. Subjects were required to indicate whether or not the target was present by pressing 1 of 2 keys.
No feedback was given after these behavioral responses. The stimulus onset asynchrony (SOA) between consecutive stimulus arrays was fixed at 1650 ms during training. Each subject was given 8 training sessions over a period of 12 days or less, with at least one night between consecutive sessions. Each training session consisted of 1800 trials, of which a random 80% contained a target and 20% had no target.
EEG Test Session
One or 2 days after training, all 32 subjects participated in the electrophysiological (EEG) test session. Half of them (Group 1, N = 16) were tested in both a trained and an untrained VS tasks in which the target was either a Trained triangle (in the trained VS task) or an Untrained triangle (i.e., one of the distractors during training became the target in the untrained VS task). The specific orientations of the Trained and Untrained triangles, as well as the sequence of trained and untrained VS tasks during EEG recording, were counter-balanced among subjects. For both the trained and untrained VS tasks, 80% of the trials (576 of 720 trials) used stimulus arrays containing both a Trained triangle and an Untrained triangle, with the 10 remaining triangles being the other 2 distractors during training (5 of each orientation, Fig. 1B,C) . These target-present trials used exactly the same stimulus set for the trained and untrained VS tasks and were configured to elicit attention-related ERPs. On each of these trials, the positions of the Trained and Untrained triangles were assigned at random among the 12 display locations. Thus, on a random half of the trials, they were presented on opposite sides of fixation (as in Fig. 1B ) and on the other half on the same side of fixation (as in Fig. 1C ). With such a design, both the Trained and Untrained triangles in these target-present trials could be defined as a shape singleton (i.e., the only triangle in the search array with this particular orientation), and the N2pc components elicited by the Trained triangle and by the Untrained triangle could be recorded separately under conditions both when they were targets and when they were distractors (see "EEG recording and analysis" for details). The other 20% of the trials (i.e., target-absent trials) used stimulus arrays similar to those of the target-present trials except that the target (i.e., the Trained triangle in the trained VS task, or the Untrained triangle in the untrained VS task) was replaced by one of the other 2 distractors during training. All of the 12 triangles in each array, with the same locations and size as those during the training phase, were randomly intermixed to prevent the grouping of shape-similar distractors. The SOA between consecutive stimulus arrays was randomized between 1600 and 2000 ms during the test sessions with EEG recordings. Taken together, the Trained and Untrained triangles were completely matched in the EEG session; therefore, any differential responses (behavioral or electrophysiological) between these 2 triangles could be attributed to the effect of PL resulting from extensive training in VS.
The other half of the subjects (Group 2, N = 16) were tested in a central RSVP task, in addition to the trained and untrained VS tasks as described earlier. In the central RSVP (i.e., rapid serial visual presentation) task (shown in Fig. 1E ), each trial consisted of a rapidly flashed letter sequence presented at the center of the screen. The letters subtended a visual angle of 0.23°× 0.28°, and the SOA between consecutive letters was 150 ms. A pair of triangles (having the same size as those during training) was presented briefly (150 ms) on the horizontal meridian at 3°of eccentricity 2 frames before the blue target letter was presented. (i.e., the SOA between the peripheral triangle pair and the central target was 300 ms). The number of white central letters presented before the peripheral triangle pair was randomized from 5 to 13 items, and those after the blue target were fixed at 8 items. After the letter strings disappeared, subjects were required to identify the blue target letter ("B", "G", or "S") by pressing a corresponding key. On 87.5% of the trials (336 of 384 trials), the triangle pair consisted of a Trained triangle and an Untrained triangle, with positions balanced between left and right sides (Fig. 1D ). These trials were configured to elicit stimulus-specific N2pc effects; that is, a more pronounced shift of attention towards the Trained triangle would elicit a greater N2pc negativity contralateral to its location. For the other trials, the triangle pair consisted of the other 2 distractors that had been presented during training. All stimuli (except the blue targets in the central RSVP task) were white (33.4 cd/m 2 ) on a uniform black background (0.3 cd/m 2 ). The color and luminance of the blue targets were adjusted to ensure that the subject's accuracy was ∼50-70% (chance level is 33.3%). To avoid a possible priming effect of the VS tasks, the central RSVP task was always tested before the VS tasks in Group 2.
EEG Retest Session
Three to 5 months after training, 8 subjects of Group 1 and 14 subjects of Group 2 participated in the EEG retest session. For the 14 subjects of Group 2, the EEG retest session was exactly the same as their EEG test session, including both VS and central RSVP tasks. For the 8 subjects of Group 1, the EEG retest session was same as their EEG test session except that no Trained triangle was presented in the untrained VS condition, and no Untrained triangle was presented in the trained VS condition. Thus, whereas the initial EEG test session used with-interference VS conditions for both Group 1 and Group 2 (e.g., searching for the Untrained triangle may be impeded by interference from the presence of Trained triangle), the EEG retest session used withinterference VS conditions for Group 2 and without-interference VS conditions for Group 1. 
EEG Recording and Analysis
The EEG was recorded from 57 scalp sites using the 10-10 system montage. Standard 10-20 sites were FP1, FPz, FP2, F7, F3, Fz, F4, F8, T7, C3, Cz, C4, T8, P7, P3, Pz, P4, P8, O1, Oz, and O2 . Additional  intermediate sites were AF3, AFz, AF4, F5, F1, F2, F6, FC5, FC3, FC1,  FCz, FC2, FC4, FC6, C5, C1, C2, C6, TP7, CP5, CP3, CP1, CPz, CP2,  CP4, CP6, TP8, P5, P1, P2, P6, PO7, PO3 , POz, PO4, and PO8. All scalp channels were recorded using a common average reference on-line and were then algebraically re-referenced to the average of the left and right mastoids off-line. The horizontal and vertical electro-oculograms (EOGs) were monitored with bipolar recordings from electrodes at the left and right outer canthi, and from electrodes above and below the left eye, respectively. Electrode impedances were kept below 5 kΩ.
The EEG analog signals were digitized at a 512-Hz sampling rate, and a digital antialiasing filter of 0.27 × the sampling rate was applied at the time of recording. After filtering the EEG signals with a digital 40-Hz low-pass filter and then a 0.1-Hz high-pass filter, epochs were extracted that included 200 ms of prestimulus baseline and 600 ms of poststimulus EEG. Trials contaminated by eye blinks, eye movement or muscle potentials exceeding ±70 μV at any electrode were excluded before averaging. Overall, 12% of trials were rejected due to these artifacts. ERPs were then averaged according to stimulus type (Trained/ Untrained triangle), their locations (left/right visual field), and task conditions (trained VS/untrained VS/central RSVP task).
For each stimulus type in each task condition, the N2pc wave was measured as the mean amplitude (over specified time intervals) of the major negative deflection beginning at around 170-180 ms in the difference ERP between the contralateral and ipsilateral posterior scalp sites with respect to the location of the triangle of interest. In the analysis, the triangle-in-LVF (left visual field) trials and triangle-in-RVF (right visual field) trials were collapsed together to form an overall contralateral minus ipsilateral difference wave. In all of the VS task conditions, the N2pc components were measured relative to the location of the Trained (or Untrained) triangle and were averaged across trials where the Untrained (or Trained) triangle could be located on the same or the opposite side. Since on a random half of the target-present trials, the Trained and Untrained triangles were presented on opposite sides of fixation (as in Fig. 1B) , and on the other half on the same side of fixation (as in Fig. 1C ), the N2pc components elicited by the Trained triangle and by the Untrained triangle could be recorded separately under conditions both when they were targets and when they were distractors. For example, when we averaged the N2pc elicited by the Trained triangle on the Trained-trianglein-RVF trials (e.g., Fig. 1B ,C), the N2pc elicited by the Untrained triangles would be canceled out because the Untrained triangle was presented either on the left or the right side with equal probability across these trials (note that the Untrained triangle was presented in the LVF in Fig. 1B , but in the RVF in Fig. 1C ). The same cancelation would also occur on the Trained-triangle-in-LVF trials. As a result, the final N2pc elicited by the Trained triangle collapsed across LVF and RVF would not be contaminated by the N2pc to the Untrained triangle. The topographical maps of N2pc voltage were derived from the ERP difference waves formed by subtracting triangle-in-RVF trials from triangle-in-LVF trials (Hopf et al. 2000) .
The baseline for N2pc measurements was the mean voltage over the 200 ms prestimulus interval. To determine the time at which the averaged N2pc wave deviated significantly from baseline, successive t-tests were carried out with a sliding window of ∼20 ms (10 time points) in steps of ∼2 ms (1 time point). The onset time of an averaged N2pc was determined according to the criterion that its amplitude had to reach significance at the P < 0.05 level for at least 20 consecutive windows (∼40 ms) following the onset time. A similar analysis was used to examine differences in N2pc amplitude between conditions as a function of time.
Results
Extensive Training Induces Stimulus-Specific Improvement in Visual Search Ability For all 32 subjects, the behavioral performance in the training phase and EEG test session were calculated to reveal the training effect and its stimulus specificity. Target detection accuracy was measured according to the formula p 0 = (p − fp)/(1 − fp), where p and fp refer to the proportions of positive and false-positive responses, respectively (Sigman and Gilbert 2000; Su et al. 2014) . Subjects showed very poor performance at the beginning of training (Day 1: p 0 = 0.107 ± 0.016, mean ± S.E.; Fig. 2A ). Their performance improved significantly during the course of training (F 7,217 = 62.59, P = 1.2 × 10 −48 ). The final performance level, however, (Day 8: p 0 = 0.345 ± 0.029; Fig. 2A ) was still considerably lower than is typically observed in search tasks with salient simple features as targets (Girelli and Luck 1997) . In the EEG test session, which was performed 1 or 2 days after training, all but one of the subjects showed higher detection accuracy ( p 0 ) in the trained than in the untrained VS condition ( Fig. 2A,B) . A pair-wise t-test revealed the p 0 difference between conditions to be highly significant (mean ± S.E.: 0.354 ± 0.028 versus 0.113 ± 0.016 μV; t 31 = 9.36, P = 1.5 × 10 −10 ). Thus, consistent with previous PL studies (e.g., Gilbert 2000, 2005) , the present effect of training on search accuracy was highly specific to the trained shape.
Neural Evidence for Learning-Induced Attentional Capture
The N2pc component served as the neural index of attentional deployment to a specific item in the visual displays (see Luck 2012; Eimer 2014 for reviews). Numerous studies have demonstrated that the N2pc component is a reliable index of the capture of attention by a salient stimulus (e.g., Girelli and Luck 1997; Hickey et al. 2006 Hickey et al. , 2010 Eimer and Kiss 2008; Leblanc et al. 2008; Kiss et al. 2012) . As described below, N2pc data from all 32 subjects (Groups 1 and 2) in the EEG test session were analyzed. The N2pc elicited by a target item was measured as the difference ERP between the contralateral and ipsilateral posterior scalp sites with respect to the target location. The averaged ERPs in these initial analyses included all target-present trials regardless of whether the response was correct (Hits) or not (Misses). In the trained VS condition, the target (i.e., the Trained triangle) elicited a large and highly significant N2pc wave, which started at ∼170 ms, peaked at ∼280 ms and lasted for hundreds of milliseconds (mean amplitude over 170-350 ms at PO7/8 sites: −0.760 ± 0.093 μV, mean ± S.E.; t 31 = 8.17, P = 3.1 × 10 −9 ; Figure 3A , black solid line). In contrast, the target in the untrained VS condition (i.e., the Untrained triangle) only elicited a marginally significant N2pc over the same interval (−0.098 ± 0.049 μV; t 31 = 1.98, P = 0.057; Figure 3A , gray solid line). These results indicate that more attention was allocated to the target as a consequence of the training, and this learning effect was highly specific to the trained target shape. We next investigated whether the enhanced attentional allocation to the trained target was dependent on the task assignment. Of greatest interest was the finding that the Trained triangle elicited a conspicuous N2pc wave even when it was a distractor in the untrained VS condition (170-350 ms, PO7/8: −0.533 ± 0.069 μV; t 31 = 7.78, P = 8.9 × 10 −9 ; Figure 3A , black dotted line). In contrast, no significant N2pc was elicited by the Untrained triangle in the trained VS condition (−0.008 ± 0.041 μV; t 31 = 0.20, P = 0.84; Figure 3A , gray dotted line). These results indicate that the learned shape, even when it was not the current target item, captured attention automatically during VS. Further analysis showed that the automatic capture of attention by the Trained triangle in the untrained VS condition, as indexed by the N2pc, was not affected by the presence or absence of the Untrained target triangle (Fig. 3B ). This result confirms that the involuntary N2pc to the Trained triangle in the untrained VS condition was not diminished by an opposing N2pc elicited by the Untrained triangle as a target. The N2pc elicited by the Trained triangle was significantly larger in the trained than in the untrained VS condition (170-350 ms, PO7/8: t 31 = 3.69, P = 0.001). Since the trained and untrained VS tasks used the same stimulus sets for N2pc recording, this difference of N2pc between tasks suggests that additional goal-directed attention was involved when the Trained triangle was the target relative to when it was a distractor. To dissociate this additional negativity associated with task relevance from the effect of involuntary attentional capture, we isolated the relevance effect by subtracting the N2pc elicited by the Trained triangle in the untrained VS condition (i.e., the involuntary N2pc) from that elicited in the trained VS condition. Sixteen good learners who showed high levels of behavioral performance after training ( p 0 > 33% in the trained VS task during EEG test session, Fig. 2B ) were subjected to this analysis (Fig. 4A) . One-sample t-tests with a sliding time window of ∼20 ms and steps of ∼2 ms revealed that the involuntary N2pc became significant at 168 ms, whereas the additional negativity of the relevance effect did not become significant until 242 ms (Fig. 4A, solid lines) . A jackknifebased procedure with a 50% maximum amplitude criterion (Miller et al. 1998) confirms that the onset of the relevance effect occurred some 70 ms later than that of the involuntary N2pc (t 15 = 24.60, P = 1.5 × 10 −13 ). While the early involuntary N2pc was mainly distributed over occipital scalp regions, the late relevance effect extended into more anterior areas. Source analysis (dipole modeling) revealed that a symmetrical pair of dipoles located near the inferior occipital gyrus (IO_L and IO_R, Talarach coordinates: ± 33, −77, −5) could account for the scalp voltage distribution of the early involuntary N2pc with a low residual variance (RV = 7.6%) over the time interval of 200-280 ms. This pair of IO dipoles, together with a pair of dipoles in the inferior parietal lobe (IP_L and IP_R, Talairach coordinates: ± 38, −44, 40), could account for >92% of the variance in the scalp distribution of the late relevance effect over the time interval of 300-450 ms ( Fig. 4B and Supplementary Fig. 1A,B) . In contrast to the Trained triangle, the Untrained triangle did not elicit any significant N2pc in either the trained or the untrained VS task condition for the high-performing group (Fig. 4A dotted lines and Supplementary Fig. 1C ), which replicated the results of all 32 subjects described before (Fig. 3A) . These results indicated that both the early involuntary N2pc and the late relevance effect were specific to the trained target stimuli, reflecting neural modifications induced by PL. A further analysis examined whether the enhanced attentional allocation to the Trained target was dependent on the subjects' correct report of the Trained target. Accordingly, the target-present trials in the trained VS condition were separated into Correct-Hit and Incorrect-Miss subsets, and N2pc to the Trained triangle for each subset was analyzed. To insure high signal/ noise ratios for the measurement of N2pc, data from thirteen good learners with a sufficient number of trials (i.e., at least 80 target-in-LVF trials and 80 target-in-RVF trials) of each subset were analyzed (Fig. 4C) . The Trained triangle elicited a significant N2pc regardless of whether it was correctly detected (170-350 ms, PO7/8: −1.423 ± 0.163 μV; t 12 = 8.71, P = 1.6 × 10 −6 ; Figure 4C , red solid line) or incorrectly missed (−0.753 ± 0.111 μV; t 12 = 6.77, P = 2.0 × 10
; Figure 4C , green solid line), which suggests that attentional capture by the trained shape occurred even when the shape was not consciously reported. The N2pc on both CorrectHit and Incorrect-Miss trials reached significance at almost the same time (182 vs. 180 ms) and did not show a significant difference until 230 ms (Fig. 4C , bottom lines show significant intervals). Moreover, the N2pc on the Incorrect-Miss trials (Fig. 4C , green solid line) showed a very similar initial waveform (before 300 ms) to that of the involuntary N2pc elicited by the Trained target as a distractor in the untrained search task (Fig. 4C , blue solid line). These results together indicate that the trained shape provoked an involuntary and at times an apparently unconscious orienting of visual attention, which was manifested tens of milliseconds (∼50 ms) earlier than the additional negativity that was related to consciously reported perception of the target. In contrast, the N2pc elicited by the Untrained triangle target (in the untrained VS task, averaged across Correct-Hit and Incorrect-Miss trials) did not show a significant deflection from the baseline (170-350 ms, PO7/8: −0.112 ± 0.057 μV; t 12 = 1.97, P = 0.073; Figure 4C , purple dotted line), and hence, its amplitude was significantly smaller than that elicited by the Trained triangles on Correct-Hit trials (red solid line; t 12 = 7.98, P = 3.9 × 10 −6
) and on Incorrect-Miss trials (green solid line; t 12 = 5.05, P = 2.8 × 10 −4 ). In addition, analysis of the N2pcs from different groups of subjects further confirmed that for both the Correct-Hit and IncorrectMiss subsets of trials, the Trained triangle elicited much larger N2pcs than the Untrained triangle did (Supplementary Fig. 2 ). Taken together, these results indicate that increased N2pc amplitudes were specifically elicited by the trained target, and this learning effect occurred regardless of whether the target was consciously detected or not. As described earlier, the Trained triangle elicited a significant N2pc even when it was designated as a distractor in VS. One possible explanation for this would be that the VS task required subjects to actively distribute their attention over all the possible locations of the target, and the Trained triangle captured attention as long as it was within the window of top-down spatial attention and thus had to be discriminated, regardless of whether or not it was currently a target. In order to investigate whether such a voluntary allocation of spatial attention and/or discriminative processing was necessary for the Trained triangle to capture attention when it was not a target, half of the 32 subjects (Group 2) participated in an additional central RSVP task The involuntary N2pc to the Trained triangle (i.e., the N2pc elicited by the Trained triangle when it was a distractor in the untrained VS task; green solid line) had its onset ∼70 ms earlier than the relevance effect (i.e., the difference negativity elicited by the Trained triangle when it was a target minus when it was a distractor; blue solid line). The relevance effect was distributed over more anterior scalp areas (right topographical map) than the involuntary N2pc (left topographical map). The voltage topographical maps were calculated based on the ERP difference waves constructed by subtracting Trained-triangle-in-RVF trials from Trained-triangle-in-LVF trials (Hopf et al. 2000) . In contrast, the Untrained triangle did not elicited any significant N2pc regardless of whether it was a target or a distractor (dotted lines). (B) Source analysis with BESA found that the involuntary N2pc could be accounted for by a pair of dipoles in the inferior occipital (IO) gyrus (red and blue dipoles), whereas the relevance effect could be modeled by that same dipole pair plus another pair in the inferior In contrast, the Untrained triangle did not elicit any significant N2pc whether it was a target (averaged across hit and miss trials, purple dotted line) or a distractor (blue dotted line). (Fig. 1E) . In contrast to the VS task, the central RSVP task required subjects to continuously focus attention on the central letter stream, and the peripheral Trained triangle was neither featurally nor spatially relevant to the central task. Therefore, if the Trained triangle still elicited a robust and stimulus-specific N2pc in this condition, we may infer that the learned shape captured attention in a purely bottom-up manner. ERP analysis revealed that the peripheral Trained triangle did trigger a significant N2pc wave during the central RSVP task when compared with the Untrained triangle (170-350 ms, PO7/8: −0.487 ± 0.124 μV; t 15 = 3.93, P = 0.001), with a time course and scalp distribution similar to those of the involuntary N2pc elicited by the Trained triangle in the untrained VS condition (Fig. 5 and Supplementary  Fig. 3A) .
Associated with this N2pc effect, discrimination of the central target letter was less accurate when preceded by peripheral triangle pairs that included the Trained triangle when compared with pairs that did not (54.8 versus 58.4%; t 15 = −2.19, P = 0.045). This result provides behavioral evidence that the trained shape captured attention even when it was completely task-irrelevant and presented outside the focus of top-down attention.
In a further analysis, subjects were asked about their awareness of these peripheral irrelevant stimuli (PIS) immediately after the RSVP test. Only a few subjects (N = 5) clearly reported seeing a pair of triangles, while most (N = 11) either did not know the PIS were triangles or were not aware of the presence of the PIS at all. Both the subjects with awareness (170-350 ms, PO7/8: −0.718 ± 0.211 μV, t 4 = 3.41, P = 0.027) and those without awareness (PO7/8: 170-350 ms, −0.383 ± 0.148 μV, t 10 = 2.58, P = 0.027; 180-280 ms, −0.534 ± 0.160 μV, t 10 = 3.35, P = 0.007) of the peripheral triangles showed a significant N2pc elicited by the Trained triangle ( Supplementary Fig. 3B ). These results add to the evidence that a nonsalient shape may capture attention automatically and outside of reportable awareness after being trained in a VS task as a task-relevant target.
Correlations Between Neural and Behavioral Indices of PL
Significant between-subject correlations were found between the stimulus-specific enhancement in VS accuracy (i.e., for the Trained versus Untrained targets) and the stimulus-specific involuntary N2pc effect. Such correlations were observed not only for the N2pc measured in the VS tasks (r 30 = 0.634, P = 0.0001; Figure 6A ), but also for the N2pc in the central RSVP task (r 14 = 0.789, P = 0.0003; Figure 6B ). These results show that the effect of involuntary attentional capture, as indexed by the initial phase of N2pc (180-280 ms), could well predict an individual's ability to detect the trained target during VS as a consequence of PL. These findings support the hypothesis that the involuntary capture of attention by the trained shape, as reflected by the N2pc elicited by the trained shape when it was irrelevant, may facilitate the voluntary search for the trained shape while interfering with the search for an untrained shape. In contrast, the stimulusspecific improvement in VS ability showed a much weaker correlation with the late ERP relevance effect (r 30 = 0.358, P = 0.044; Figure 6C ).
Persistence of the Learning Effects
Twenty-two of the 32 subjects (from Groups 1 and 2) participated in the EEG retest session 3-5 months after the training. For the 14 subjects belonging to Group 2, the procedure of the retest was exactly the same as that of the first EEG test, including both VS and central RSVP tasks. For the VS tasks in the retest, detection accuracy ( p 0 ) of the target triangle was again dramatically higher for the trained than the untrained condition (t 13 = 6.36, P = 0.00003; Figure 7A ). Remarkably, the p 0 did not differ between the retest and the test for either the trained or the untrained VS task (both t < 1.09; both P > 0.30). Moreover, in the retest, as in the original test, a significant N2pc was elicited by the target in the trained condition (170-350 ms, PO7/8: −0.675 ± 0.150 μV; t 13 = 4.51, P = 0.0006; Figure 7B , gray solid line) but not in the untrained condition (−0.060 ± 0.088 μV; t 13 = 0.68, P = 0.509; Figure 7B , gray dotted line). These results demonstrate that the stimulus-specific learning effects on both behavioral performance and its neural correlates were stable and long-lasting. In order to investigate whether goal-directed attention was essential for the manifestation of these long-lasting learning effects, we further measured the N2pc elicited by the Trained triangle in the untrained VS task, the N2pc elicited by the Untrained triangle in the trained VS task and the N2pc elicited by the Trained (versus Untrained) triangles in the central RSVP task. As in the initial tests, only the Trained triangle elicited a significant N2pc in the retests. Indeed, the involuntary N2pc elicited by the Trained triangle was almost completely preserved in the untrained VS task condition (180-280 ms, PO7/8; test: −0.578 ± 0.147 μV; t 13 = 3.94, P = 0.002; retest: −0.526 ± 0.134 μV; t 13 = 3.93, P = 0.002; test versus retest: t 13 = 0.45, P = 0.658; Figure 7C , solid lines). In contrast, the Untrained triangle did not elicit any significant N2pc in either the test or the retest (test: −0.000 ± 0.047 μV; t 13 = 0.003, P = 0.997; retest: −0.091 ± 0.093 μV; t 13 = 0.98, P = 0.346; Figure 7C , dotted lines), indicating that the observed long-lasting involuntary N2pc was specific to the Trained triangle. In the central RSVP task, the stimulus-specific N2pc elicited by the Trained triangles was somewhat reduced in the retest, but this reduction did not reach significance (test: −0.654 ± 0.147 μV; t 13 = 4.47, P = 0.0006; retest: −0.379 ± 0.138 μV; t 13 = 2.74, P = 0.017; test versus retest: t 13 = 1.79, P = 0.096; Figure 7D ). These results indicate that goal-directed attention was not necessary for the elicitation of the long-lasting N2pc effects of PL and that the learned shape can capture attention automatically even months after training has terminated.
For the 8 subjects belonging to Group 1, the retest procedure was same as the test procedure except that no Trained triangles were presented in the untrained VS condition, nor were Untrained triangles presented in the trained VS condition in the retest (i.e., "with-interference" conditions were used in the test, whereas "without-interference" conditions were used in the retest). Similar to the results of Group 2 described above, detection accuracy ( p 0 ) of the target triangle in the retest was significantly higher for the trained than the untrained condition (t 7 = 3.78, P = 0.007), and p 0 in the retest did not differ from that observed in the test for the trained VS task condition (t 7 = 0.52, P = 0.618; Figure 7E ). In addition, the N2pc elicited by the Trained target triangle in the retest (170-350 ms, PO7/8: −0.737 ± 0.178 μV; t 7 = 4.13, P = 0.004; Figure 7F , gray solid line) showed a similar waveform to that of the test (Fig. 7F, black solid line) . These results again showed that the learning effects on both behavioral performance and its neural indices can be retained long after training. Unlike the results from Group 2, however, the p 0 of the untrained VS task was significant higher in the retest (when no Trained triangle was presented) than in the test (t 7 = 2.62, P = 0.034; Figure 7E ). This difference between the Groups provides behavioral evidence that the Trained triangle, even when irrelevant, can capture attention automatically and interfere with performance (in Group 2) long after training. In contrast, the p 0 of the trained VS task showed similar values between test and retest for both Group 1 and Group 2 (test vs. retest, both P > 0.30), indicating that the Untrained triangle did not interfere with behavioral performance when serving as a distractor.
Discussion
Prominent theories of visual attention have proposed that basic sensory features (e.g., intensity, color, motion, orientation) can be detected and processed rapidly and automatically, whereas detection of combinations of these basic features (i.e., conjunctions) requires voluntary focal attention (e.g., Treisman and Gelade 1980; Wolfe 2007) . In contrast with this view, the present results show that nonsalient geometric shapes, which may be considered as conjunctions of basic feature elements within the form domain (Duncan and Humphreys 1989; Humphreys et al. 2009 ), can capture attention automatically as a consequence of PL. Strikingly, this attentional capture occurred even when the learned shape was completely task-irrelevant and presented outside the focus of top-down spatial attention, and even when observers failed to detect the shape. This attentional capture effect was reflected in the N2pc component of the visual ERP, which began at around 170-180 ms after stimulus onset and was localized by dipole modeling to extrastriate visual cortex of the inferior occipital gyrus. To our knowledge, these results provide the first neural evidence that nonsalient shapes can capture visual attention automatically following PL, and this capture may even take place in the absence of reported perceptual awareness. The present findings may be contrasted with those of a previous study conducted by our group , which also found that the N2pc was increased significantly after learning a shape search task. The critical difference is that An et al. like many other previous studies (e.g., Song et al. 2002 Song et al. , 2005 Ding, Song, Fan, Qu, et al. 2003; Qu et al. 2010 Qu et al. , 2014 Clark et al. 2015) , only measured ERPs in an active VS condition. Moreover, they did not distinguish the N2pc elicited in the correct-hit and incorrect-miss conditions and did not investigate whether the N2pc effect can transfer to an untrained shape stimulus or not. Therefore, it is not clear whether the N2pc effect observed by An et al. (2012) reflected a bottom-up or top-down mechanism. In contrast, the present study examined the stimulus-specific learning effects in various task conditions (including conditions in which the learned shape was either a target, a distractor, or a totally irrelevant item, presented either within or outside the focus of top-down spatial attention, and either consciously reported or not). Thus, the present study provides strong evidence that bottom-up attention can be induced by PL, and this involuntary capture of attention by the trained shapes can even occur outside of reportable awareness and can persist for months after training has terminated.
The PL-induced attentional capture by nonsalient shapes observed here is distinct from the well-documented attentional capture by salient basic features. In a variety of experimental paradigms (e.g., additional singleton, spatial cueing, and central focused attention tasks), numerous behavioral and ERP studies have reported that a peripheral salient distractor captures attention involuntarily only when it is located within the scope of endogenous spatial attention or when it shares the defining feature of the target (e.g., Theeuwes 1991; Folk et al. 1992; Hickey et al. 2006; Huang et al. 2016; Eimer and Kiss 2008; Leblanc et al. 2008; Kiss et al. 2012; McDonald et al. 2013 ). These effects have been accounted for by proposals invoking an "attentional window" (Theeuwes 2010) or "contingent attentional capture" (Folk 2002) . In the present study, however, attentional capture by the trained shape occurred even during a central RSVP task in which the trained triangle was presented peripherally and was neither spatially nor featurally relevant to the task goal. These findings thus provide clear and novel evidence supporting the existence of a purely bottom-up capture of attention by a nonsalient geometric shape. Most interestingly, this involuntary attentional capture effect (as indexed by the N2pc) lasted over a period of at least 3 months after training had terminated. These results imply that a new "cortical circuit" (Tsodyks and Gilbert 2004 ) that mediates attentional capture was formed by PL of the relevant triangle. This circuit may take the form of a new visual functional unit (Czerwinsk et al. 1992 ), a basic representation (Gilbert and Figure 7 . Learning effects measured in the retest (3-5 months after training) compared with the initial testing (1-2 days after training). (A) Behavioral and (B-D) N2pc results for the subjects whose retest procedure was exactly the same as the test procedure (Group 2: N = 14). The N2pc elicited by the Trained triangle was measured when it was either a target in the trained VS task (B), a distractor in the untrained VS task (C), or a PIS in the central RSVP task (D). Importantly, the learned shape elicited significant involuntary N2pc effects even in the retest, and such long-lasting effects were absent for the unlearned shapes (C,D). (E,F) Results for the subjects of Group 1 (N = 8) whose retest procedure was slightly different from the test procedure. The N2pc elicited by the Trained triangle was measured when it was a target in the trained VS task (F). Both groups of subjects showed persistent long-term learning effects in both behavioral performance and neural indices. The comparison of behavioral performance between groups (i.e., A versus E) suggests that the Trained triangle distracted attention automatically and reduced detection accuracy for subjects in Group 2 when searching for the Untrained triangle in the retest. In contrast, the Untrained triangle did not interfere with behavioral performance when subjects were searching for the Trained triangle.
Error bars indicate standard errors (S.E.). * P < 0.05.
Li 2012) or a "what" template (Peelen and Kastner 2014) in visual cortex that stores learned relationships between features/elements within the form domain (Humphreys et al. 2009 ). Extensive training over days (Karni and Sagi 1993; Song et al. 2002; Qu et al. 2010 ) and goal-directed top-down attention (Ahissar and Hochstein 2004; Gilbert and Li 2012) may be critical for the formation of this cortical circuit, which may explain why attentional capture of shape has not been found in previous studies using priming (Maljkovic and Nakayama 1994) or reward-associated learning (e.g., Della Libera and Chelazzi 2009; Rutherford et al. 2010) paradigms. Once this circuit has been established by taskrelevant PL, however, it appears that top-down attention is no longer essential for its operation and maintenance.
A question that may be raised about the present analysis is whether the N2pc elicited by the Trained triangle may be contaminated by or confounded with a positivity associated with active suppressions to the Untrained or distractor triangles. Several studies have found that a salient distractor may elicit a contralateral "distractor positivity" (PD) during VS tasks (Hickey et al. 2009; McDonald et al. 2013; Huang et al. 2015) , which has been interpreted as a neural sign of active suppression of the distractors. In the present study, however, there is no evidence that the nonsalient Untrained or distractor triangles elicited a PD that could contaminate the N2pc measurements. First, it should be emphasized that the present experimental design allowed for the separate recording of the ERPs to the Trained and Untrained triangles during the VS tasks, because the Trained triangles were presented on the same side as the Untrained triangles on a random half of the trials and on the opposite side on the other half. Therefore, any ERP to the Untrained triangle, such as a PD, would be canceled out in the ERP to the Trained triangle, and similarly, the ERP to the Untrained triangle would not be contaminated by the ERP to the Trained triangle. Second, if a PD were elicited by the nonsalient distractors, then the ERP to the Untrained triangle as distractor (gray dotted waveform in Fig. 3A) should show a positive deflection corresponding to the PD. In fact, the ERP to the Untrained triangle as distractor did not deviate from zero, nor was it more positive than the ERP to the Untrained triangle as target (gray solid waveform in Fig. 3A ) throughout the interval of the involuntary N2pc. These observations basically rule out the possibility that the present PL paradigm with nonsalient distractors induced a learned active suppression to the distractors associated with a PD component. Previous studies that demonstrated a PD-distractor suppression effect used highly salient, single-feature defined distractors that could have interfered with VS performance. In the present study, however, the nonsalient Untrained triangle as distractor did not interfere with the VS task at all (see Figs 7A,E), thus indicating they did not invoke the suppressive mechanism indexed by PD. Instead, the observed PL effects can be attributed to the deployment of attention (both voluntary and involuntary) to the trained target rather than active suppression of the distractors.
The trained shape elicited a significant N2pc even when the subject did not report perceiving it, suggesting that attentional capture might occur outside of reportable awareness. Although attentional deployment without awareness has been reported in a number of behavioral and neural studies (e.g., Woodman and Luck 2003; Jiang et al. 2006; Hsieh et al. 2011; Watanabe et al. 2011 ; see Chica and Bartolomeo 2012 for a review), few studies have investigated the underlying neural mechanisms of unconscious attentional capture. The present ERP data revealed that the N2pc elicited outside of reportable awareness had an onset latency almost the same as that of the involuntary N2pc (elicited by the trained shape when irrelevant), which preceded the additional relevance-and conscious-perception-related negativities by some 50-70 ms (Fig. 4) . These results add to the evidence supporting the view that attention and consciousness are inter-related but distinctive processes (Dehaene et al. 2006; Koch and Tsuchiya 2007) and further suggest that the neural substrates for bottom-up attentional capture reside at a relatively early stage in the visual pathway prior to the emergence of perceptual awareness.
The time delay between the involuntary N2pc and the relevance effect of about 70 ms points towards a two-stage search model for highly trained/familiar shapes. The present results suggest that the first stage involves an automatic attentional capture that arises at around 170 ms after stimulus onset and mainly engages low-level ventral visual cortex (inferior occipital gyrus). At the second stage, the orienting of goal-directed attention may then be triggered at around 240 ms when the stimulus is task-relevant, which engages brain areas related to the dorsal attention control network (inferior parietal lobe). This late topdown attentional processing may last for hundreds of milliseconds and may involve interactions between dorsal and ventral visual pathways that are important for conscious decisionmaking. Taken together, these results support the hypothesis that involuntary attentional capture, as reflected by the initial phase of the N2pc in the present study (and perhaps based on localized recurrent processing within ventral visual cortex; Lamme 2006), is not sufficient to produce reportable visual awareness of a nonsalient object. Instead, an interaction between top-down attention to a nonsalient target object and bottom-up visual processing of that object (Dehaene et al. 2006) , as reflected by the late phase of the N2pc, may be an essential/neural substrate of perceptual awareness.
Finally, the present observations also provide insight into the important question of which cortical structures mediate PL. While some models (Poggio et al. 1992; Adini et al. 2002; Zhaoping et al. 2003; Teich and Qian 2010) have proposed that PL involves early stages of sensory processing in the lowest visual cortical areas (e.g., area V1, Bao et al. 2010) , others (Dosher and Lu 1998; Ahissar and Hochstein 2004; Zhang et al. 2010 ) have argued that higher-level brain areas related to voluntary attentional control or decision-making (e.g., frontal and parietal cortex) play an essential role in PL. The present results suggest, alternatively, that the involuntary orienting of attention elicited by a trained shape following PL involves an intermediate stage of visual cortical processing in the latency range of 180-280 ms (see also Ding, Song, Fan, Qu, et al. 2003; Song et al. 2007; Qu et al. 2014 ). Dipole analysis indicated that this processing takes place in ventral-lateral visual cortex-the region that includes the shape-selective lateral occipital (LO) area (Kourtzi et al. 2005; Silson et al. 2013 ). This suggests that the cortical circuit that mediates PL-dependent attentional capture may be formed at the level of area LO. Consistent with this proposal, the amplitude of the initial involuntary phase of the N2pc, which appears to be a neural signature of the PL of shapes, was found to accurately predict the stimulus-specific improvement of VS ability (Fig. 6A,B) .
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